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Abstract 
The aim of this work was to study the influence of watershed heterogeneity on the radionuclide contents of suspended 
particulate matter (SPM) in a large Mediterranean river. As the Rhone River catchment is characterized by a high 
climatic and geological heterogeneity, floods can be distinguished according to their geographic origins. Long-term 
time series of particles associated with radionuclides acquired in the framework of radiological surveillance provide a 
relevant dataset to investigate the variability of radionuclide contents. The SPM exported during Mediterranean 
floods differ from other floods as they display higher 238U and 232Th contents and the lowest activity ratio 
137Cs/(239+240)Pu; these properties could be related to bedrock type and erosion process characteristics and/or to source 
term differentiation.   
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1. Introduction 
The quality of solid compounds exported by large rivers to the oceans and potentially contaminated by 
trace elements can be related to the origin of suspended particulate matter (SPM) in many cases. Long 
term time series of species associated with suspended solids contents in rivers acquired in the framework 
of monitoring programs can be useful tools to evaluate pollution levels, quantify fluxes towards marine 
environments and investigate mechanisms controlling the concentrations of various trace or major 
elements in rivers [1]. 
The Rhone River (southeastern France) is one of the largest rivers emptying into the Mediterranean 
Sea. Its catchment area is characterized by great climatic and geological heterogeneity and the river has 
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been under various anthropogenic influences for several decades (damming, river embankment, industrial 
and domestics effluents, and nuclear power plants). At the lower course of the river numerous studies 
have been dedicated to solid fluxes and associated contaminants exports estimation with a particular 
emphasis on floods since such events have been shown to play a fundamental role on fluxes of suspended 
sediment [2], trace and major elements [3] and artificial radionuclides [4-5].  
In this context, one of our research objectives is to explore the variability scale of radionuclide 
contents within the SPM in relation to the origins of floods and the hydrographical areas. This paper gives 
preliminary results on the variability of radionuclides contents in SPM in the Lower Rhone River from 
monitoring data chronicles acquired over the past twelve years.  
2. Study area and regional settings 
The Rhone River constitutes the main water discharge into the Mediterranean Sea and delivers more 
than 80 % of the solid compound to the northwestern Mediterranean Sea [6].  
The Rhone watershed area is mainly characterized by four mountainous catchments (the Alps, the 
Cevennes, the Jura and the Vosges) resulting in strong climatic and geological heterogeneity. The Rhone 
River’s hydrological regime results from glacier-melt, snowmelt and rains, and is characterized by a 
consequent heterogeneity in water discharge. In the lower course of the Rhone River, we can distinguish 
four types of floods based on the geographical location of the affected tributaries [2]: Oceanic (northern 
tributaries), Mediterranean (southwestern or Cevennes tributaries), extensive Mediterranean (southern 
tributaries) and generalized floods (northern and southern tributaries). The Rhone River serves as an 
outlet for several industrial and domestic releases and for the controlled radioactive effluents from four 
nuclear power plants and one spent fuel reprocessing plant currently in dismantlement [5]. 
3. Materials and methods 
3.1. Discharge measurements 
Water discharge data is derived from fourteen gauging stations operated by the French company 
“Compagnie Nationale du Rhône” (CNR): at Beaucaire, at Arles (downstream the diffluence, 90 % of the 
total liquid discharge), and at the downstream parts of the twelve main tributaries of the Rhone River.  
3.2. Water and suspended solids sampling and radionuclides analysis 
The Rhone River Observatory Station in Arles (SORA) is an automatic sampling station devoted to the 
environmental monitoring of radioactivity in the Rhone River waters and operated by the IRSN. Punctual 
and time-integrated SPM samples are collected according to different sampling and analytical procedures, 
especially depending on whether the discharge is below or above the threshold of 3 000 m3.s-1. 
Gamma ray emissions were analysed by direct gamma spectrometry with HPGe detectors. Plutonium 
isotopes contents were determined by alpha spectrometry on PIPS detectors [5]. 
4. Results and discussion 
4.1. Data set and relevance 
Between 2000 and 2012, 221 samples dedicated to SPM analyses were collected corresponding to 37 
flood events. Over the studied period, the major occurrence concerns ordinary high discharges, i.e. mean 
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daily water discharge comprised between 3 000 and 4 000 m3.s-1 (Figure 1a). Thanks to the long-term 
data acquisition at SORA since 2000, the various flood types were sampled, leading to relevant data that 
cover the whole range of climatic regimes generating floods (Figure 1b). 
 
  
 
 
 
 
 
 
 
       
Figure 1: Sample distribution among (a) flood discharge (m3.s-1) classifications and (b) flood type. 
4.2. Natural radionuclides from terrestrial origin: 238U and 232Th 
The radionuclides 238U and 232Th are primordial radionuclides that constitute a significant portion of 
the natural radioactivity on Earth. In SPM collected during floods in the Lower Rhone River, the 
activities of 238U and 232Th are positively correlated (Figure 2a). The study of 232Th and 238U contents in 
SPM show that SPM exported during Mediterranean floods are characterised by higher contents of both 
elements than those transferred during extensive Mediterranean floods. This observation can be related to 
the bedrock characteristics [2, 6].  
4.3. Artificially occurring radionuclides: 137Cs and 239+240Pu 
The 137Cs/(239+240)Pu activity ratio in sediments from the northern hemisphere due to fallout from 
nuclear weapons testing (i.e. global fallout) has a generalized value of ~36 and deviation in this activity 
ratio may indicate contamination with Cs and/or Pu from a source other than global fallout [7].  
In SPM collected in the Lower Rhone River, the positive relationship between 137Cs and (239+240)Pu 
activities suggests a common source and/or concomitant inputs. The mean activity ratio in SPM is higher 
than the reference value for global fallout whatever the flood type (Figure 2b, blue circles), suggesting Cs 
and/or Pu contamination is due to other sources: Chernobyl accident, releases from the nuclear industry, 
resuspension of sediments contaminated by radioactive effluents and regarding Pu isotopes, an additional 
source is the explosion of a satellite after its accidental re-entry into the atmosphere in 1964. The SPM 
derived from Mediterranean floods (case 2) differs from the other floods by displaying the lowest mean 
value (blue circles), suggesting a specific contribution from Cevennes watershed.  
5. Conclusions 
As a consequence of high climatic and geological heterogeneity displayed at the scale of the Rhone 
River watershed, floods can be distinguished by four major types: Oceanic, Mediterranean, extensive 
Mediterranean and generalized. Long-term time series of suspended sediments and associated natural or 
artificial radionuclide activities provide a useful dataset to investigate the variability range of radionuclide 
contents according to the flood type. Our results show that suspended particles exported during 
Mediterranean floods differ from other floods since they display significant higher 238U and 232Th 
contents and lower 137Cs/(239+240)Pu activity ratio that could be related to bedrocks and/or source term 
Sampled flood distribution among water 
discharge classification
76%
11%
8%
5%
<4000
4000-5000
5000-9000
>9000
Sample distribution among flood type
23%
23%
11%
40%
3%
0.5%
Oceanic
Mediterranean
Extensive
Generalized
Unknown
To be defined
939 Mathilde Zebracki et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  936 – 939 
5432120
40
60
80
100
13
7 C
s/
(2
39
+2
40
) P
u 
0
10
20
30
40
50
60
70
80
0 10 20 30 40 50 60 70 80
238U, Bq.kg-1
23
2 T
h,
 B
q.
kg
-1
Oceanic
Mediterranean
Extensive
Generalised
characteristics. This study highlights the use of radionuclides as a potential tool to investigate the origin 
of suspended sediments according to the flood type in the Lower Rhone River. 
 
 
 
 
 
 
 
 
 
Figure 2: (a) Relationship between 232Th and 238U activities; (b) Boxplot for the activity ratio 137Cs/(239+240)Pu 
according to the flood type: 1 = oceanic, 2 = Mediterranean, 3 = extensive Mediterranean, 4 = generalised, 5 = low 
water discharge (< 3 000 m3.s-1). 
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